ABSTRACT Intracellular signaling connected to integrin activation is known to induce cytoplasmic Ca 2؉ release, which in turn mediates a number of downstream signals. The cellular entry pathways of two closely related alphaherpesviruses, equine herpesviruses 1 and 4 (EHV-1 and EHV-4), are differentially regulated with respect to the requirement of interaction of glycoprotein H (gH) with ␣ 4 ␤ 1 -integrins. We show here that binding of EHV-1, but not EHV-4, to target cells resulted in a rapid and significant increase in cytosolic Ca 2؉ levels. EHV-1 expressing EHV-4 gH (gH4) in lieu of authentic gH1 failed to induce Ca 2؉ release, while EHV-4 with gH1 triggered significant Ca 2؉ release. Blocking the interaction between gH1 and ␣ 4 ␤ 1 -integrins, inhibiting phospholipase C (PLC) activation, or blocking binding of inositol 1,4,5-triphosphate (IP 3 ) to its receptor on the endoplasmic reticulum (ER) abrogated Ca 2؉ release. Interestingly, phosphatidylserine (PS) was exposed on the plasma membrane in response to cytosolic calcium increase after EHV-1 binding through a scramblase-dependent mechanism. Inhibition of both Ca 2؉ release from the ER and scramblase activation blocked PS scrambling and redirected virus entry to the endocytic pathway, indicating that PS may play a role in facilitating virus entry directly at the plasma membrane.
IMPORTANCE Herpesviruses are a large family of enveloped viruses that infect a wide range of hosts, causing a variety of diseases.
These viruses have developed a number of strategies for successful entry into different cell types. We and others have shown that alphaherpesviruses, including EHV-1 and herpes simplex virus 1 (HSV-1), can route their entry pathway and do so by manipulation of cell signaling cascades to ensure viral genome delivery to nuclei. We show here that the interaction between EHV-1 gH and cellular ␣ 4 ␤ 1 -integrins is necessary to induce emptying of ER calcium stores, which induces phosphatidylserine exposure on the plasma membrane through a scramblase-dependent mechanism. This change in lipid asymmetry facilitates virus entry and might help fusion of the viral envelope at the plasma membrane. These findings will help to advance our understanding of herpesvirus entry mechanism and may facilitate the development of novel drugs that can be implemented for prevention of infection and disease.
ntry of alphaherpesviruses is a complex process, which requires the concerted activity of different envelope glycoproteins as well as different cellular receptors and coreceptors (1) (2) (3) (4) (5) . Binding of viruses to cellular receptors often activates intracellular signaling pathways that in turn facilitate virus uptake. Productive entry of different alphaherpesviruses has been shown to occur through different pathways. Depending mainly on the cell type, virus penetration is executed either through fusion at the plasma membrane (6) (7) (8) (9) (10) , endocytosis (7, (11) (12) (13) (14) (15) (16) , or phagocytosis-like macropinocytosis (17) . For herpes simplex virus 1 (HSV-1), it has been shown that ␣ V ␤ 3 -integrins serve as a routing factor that directs the virus to a pathway that is dependent on lipid microdomains, dynamin-II, and acidification of endosomes (18) . Recently, we have identified cellular and viral routing factors that determine entry of equine herpesviruses 1 and 4 (EHV-1 and -4), members of the Alphaherpesvirinae subfamily (19, 20) . Although both viruses bind the same entry receptor, major histocompatibility class I (MHC-I), through glycoprotein D (gD) (3, 5, 21) , they follow different entry pathways: EHV-4 entry proceeds via a caveolin/raft-dependent endocytic pathway, while EHV-1 enters cells through either direct fusion with the plasma membrane or endocytosis (22) . The decision for one of the two pathways is mainly dependent on the interaction between viral glycoprotein H (gH) and cellular ␣ 4 ␤ 1 -integrins that function as a coreceptor (22) , but the molecular mechanisms that determine routing are unknown. One possibility, among others, is that differential signaling following virus attachment determines which pathway is utilized. The modulation of intracellular signaling and its effects on the route of entry of viruses is supported by previous studies, which showed that early virus-cell interactions at the plasma membrane direct viruses to specific cellular compartments (23) (24) (25) .
Integrins are transmembrane heterodimers that can initiate a signaling cascade upon interaction with their specific ligands that results in the phosphorylation of tyrosine residues of intracellular proteins, including paxillin, tensin, focal adhesion kinase, and mitogen-activated protein kinases (26) (27) (28) (29) . Previous studies also showed that the engagement of ␣ 4 ␤ 1 -integrins resulted in phospholipase C (PLC) activation and an increase of cytosolic Ca 2ϩ concentrations (27, 30) . Activation of PLC results in the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to generate two intracellular messengers: inositol 1,4,5-triphosphate (IP 3 ), which can trigger release of Ca 2ϩ from intracellular stores (e.g., the endoplasmic reticulum [ER]), and diacylglycerol (DAG), which is responsible for the activation of different downstream proteins (e.g., protein kinase C [PKC]) (28, 31) . IP 3 diffuses through the cytoplasm and binds to the IP 3 receptor (IP 3 R) localized on the cytoplasmic side of the ER, which in turn mobilizes ER-resident (stored) Ca 2ϩ (31, 32) .
Ca 2ϩ is one of the most prominent and universal carriers of signals and acts as a second messenger in mammalian cells. Ca 2ϩ is known to modulate a number of steps during virus replication, from virus entry to virion maturation and release (33, 34) . Free cytosolic Ca 2ϩ is maintained in concentrations of approximately 100 nM. The concentration of stored Ca 2ϩ , mainly in the ER, is maintained at several hundred micromolar, whereas extracellular Ca 2ϩ concentrations can reach the millimolar range (33) . Thus, cells tightly control intracellular Ca 2ϩ homeostasis to avoid acute gigantic fluctuations (35) . The increase in intracellular Ca 2ϩ is usually triggered by specific stimuli such as ligand-receptor interactions on the cell surface that often converge on PLC activation and IP 3 -IP 3 R interaction (33, 36) . Viruses have adopted strategies to hijack Ca 2ϩ -mediated signaling events to promote entry and/or replication (33) . Previous reports have shown that exposure of epithelial and neuronal cells to either HSV-1 or HSV-2 results in a rapid and transient increase in cytosolic Ca 2ϩ . As described above, the process requires activation of PLC and subsequent IP 3 -IP 3 R interaction (37, 38) .
We previously reported that the interaction between viral gH and cellular integrins plays a decisive role for EHV-1 and EHV-4 entry. We suggested that differential signaling may determine the entry pathway (22) . In this study, we show an increase in cytosolic Ca 2ϩ concentration upon infection with EHV-1 and characterize the cellular factors required for this augmentation. In particular, we studied factors that are potentially associated with changes of the plasma membrane affecting the entry pathway, such as the level of the virus entry receptor MHC-I and its distribution on the cell surface, the actin cytoskeleton, and the lipid composition of the exoplasmic lipid layer of the plasma membrane. 2؉ . We have shown that EHV-1 and EHV-4 use different entry pathways during infection of epithelial cells (22) . However, the intracellular signaling cascades that are initiated during entry of either virus are still unknown. To evaluate whether exposure of equine cells to EHV-1 or EHV-4 results in an increase in cytosolic Ca 2ϩ , concentrations of cytosolic Ca 2ϩ were monitored using an epifluorescence microscope using the membrane-permeable Ca 2ϩ fluorophore Fura-2AM. Fura-2 is a fluorescent dye that binds to free cytosolic Ca 2ϩ ; an increase in Fura-2 fluorescence indicates an increase of the cytosolic Ca 2ϩ concentration.
RESULTS

EHV-1 binding triggers a rapid increase in cytosolic Ca
Equine dermal (ED) cells were first loaded with Fura-2 and then exposed to Ca 2ϩ -free medium, ionomycin (plus 3 mM CaCl 2 ), EHV-1, or EHV-4. Live-cell imaging revealed that addition of EHV-1 to ED cells resulted in a rapid increase of cytosolic Ca 2ϩ concentrations as measured by Fura-2 fluorescence. This increase peaked within 2 min and lasted to the end of the capture period (10 min) ( Fig. 1A ; see Movie S1 in the supplemental material). Addition of the calcium ionophore ionomycin also resulted in a strong and rapid increase in cytosolic Ca 2ϩ (Fig. 1A) . In contrast, addition of EHV-4 or Ca 2ϩ -free medium had no effect on cytosolic Ca 2ϩ levels ( Fig. 1A ; see Movie S2 in the supplemental material). The mean change in cytosolic Ca 2ϩ peaks obtained for EHV-1 was significant compared to that for EHV-4 or Ca 2ϩ -free medium (Fig. 1B) .
Cytosolic Ca 2؉ increase is dependent on gH-␣ 4 ␤ 1 -integrin interaction. In a previous study, we showed that viral gH and cellular ␣ 4 ␤ 1 -integrins play an important role during EHV-1 and EHV-4 entry and that both can act as a routing factor capable of altering the entry pathways of the viruses (22) . Following up on these results, we explored the possibility that interaction between gH and ␣ 4 ␤ 1 -integrins may trigger release of Ca 2ϩ from intracellular stores. Based on live-cell-imaging measurements, we concluded that, in contrast to parental EHV-1, EHV-1 bearing gH4 (EHV-1gH4) was unable to trigger an increase of cytosolic Ca 2ϩ . On the other hand, EHV-4 expressing and having in its envelope gH1 (EHV-4gH1) induced a significant increase of cytosolic Ca 2ϩ ( Fig. 2A) . It is important to note that only EHV-1 gH has an integrin-binding motif, serine-aspartate-isoleucine (SDI), that mediates binding to ␣ 4 ␤ 1 -integrins. EHV-4 gH specifies an alanine-aspartate-isoleucine (ADI) motif that cannot mediate integrin binding (39) . Addition of EHV-1gH S440A , an EHV-1 mutant in which the ␣ 4 ␤ 1 -integrin binding motif SDI was mutated to ADI, had no effect on cytosolic Ca 2ϩ levels (see Movie S3 in the supplemental material). From the experiments, we concluded that gH plays a role in increasing cytosolic Ca 2ϩ levels through a mechanism that is dependent on the interaction of gH with integrins expressed on the cell surface.
To further elucidate the role of integrins, we analyzed the increase of cytosolic Ca 2ϩ after blocking the interaction between viral gH and cell surface integrins. First, Fura-2-loaded cells were incubated with the anti-␣ 4 ␤ 1 -integrin monoclonal antibody (MAb) P4C2 for 1 h before exposure to either EHV-1 or EHV4gH1. Although both viruses were still able to bind to cells, addition of either virus did not have a significant effect on the resting cytosolic Ca 2ϩ (Fig. 2B) . Similarly, incubation of the viruses with soluble ␣ 4 ␤ 1 -integrins before infection did not induce any increase in cytosolic Ca 2ϩ (Fig. 2C) . We concluded, therefore, that ␣ 4 ␤ 1 -integrins play a role in increasing cytosolic Ca 2ϩ levels after exposure to viruses that have an integrin-binding motif present in gH, which indicates that the interaction between gH and integrins may trigger Ca 2ϩ -signaling pathways.
Previous reports have shown that heat inactivation of herpesviruses is similar to UV light inactivation and that such viruses were devoid of measurable infectivity (40) . Similarly, we found that heat-inactivated EHV-1 was also unable to establish infection and that enhanced green fluorescent protein (eGFP), under the control of the immediate early human cytomegalovirus (HCMV) promoter, was not expressed (see Fig. S1A in the supplemental material). However, the virus was still able to bind to the cells but to a lesser extent than the parental virus (see Fig. S1B ). Exposure of Azab et al. Fura-2-loaded cells to heat-inactivated virus clearly showed that virus binding was able to trigger the increase of cytosolic Ca 2ϩ with kinetics and magnitudes comparable to those of the parental virus (Fig. 3) .
Inhibition of PLC and IP 3 R abrogates EHV-1-induced cytosolic Ca 2؉ increase. Cytosolic Ca 2ϩ increase is often initiated through signaling molecules that are activated in response to a ligand-receptor interaction on the cell surface (41) . In order to determine whether the observed increase of cytosolic Ca 2ϩ was mediated by the activation of PLC and subsequent binding of IP 3 to its cognate receptor IP 3 R, the effects of (Ϫ)-xestospongin C, a specific and potent blocker of IP 3 R, and U73122, a specific PLC inhibitor, on cytosolic Ca 2ϩ levels were investigated. We found that pretreatment of Fura-2-loaded ED cells with U73122 or (Ϫ)-xestospongin C abolished the increase of cytosolic Ca 2ϩ in response to EHV-1 (Fig. 4) and EHV-4gH1 (Fig. 5) . We further showed that the increase in Fura-2 fluorescence started from the perinuclear area, which suggests release of Ca 2ϩ from ER stores (see Movie S4 in the supplemental material).
Blocking Ca 2؉ release reroutes EHV-1 to the endocytic pathway. Since our data showed that gH1-integrin interaction resulted in a significant increase of cytosolic Ca 2ϩ , we investigated the route of entry of EHV-1 using various inhibitors. ED cells were incubated with the Ca 2ϩ chelator BAPTA-AM [1,2-bis(2-aminophenoxy)ethane-N,N,N=,N=-tetraacetic acid tetrakis(acetoxymethyl ester)] or thapsigargin (Table 1 ) for 1 h before infection with EHV-1 RFP (i.e., EHV-1 expressing red fluorescent protein). Colocalization with either caveolin-1 (Cav-1) or clathrin was determined by confocal microscopy using the respective antibodies. Twelve fields were randomly selected, and around 200 individual viruses were counted ( To extend and confirm the results, we conducted a double inhibition infection assay. ED cells were first incubated with different inhibitors, including 2-APB, verapamil, BAPTA-AM, (Ϫ)-xestospongin C, U73122, thapsigargin, dynasore, or genistein (Table 1) before infection with EHV-1. In another experiment, the cells were incubated with either dynasore or genistein together with BAPTA-AM, U73122, or thapsigargin and infected with EHV-1. Our results showed that single inhibition with any of the calcium inhibitors or with dynasore and genistein did not have a significant effect on the level of virus infection ( Fig. 7A and B) . In contrast, double inhibition with either dynasore or genistein together with one of the calcium inhibitors significantly (P Ͻ 0.05) reduced the number of infected cells (Fig. 7C) . We corroborated the dynasore inhibitor experiments using wild-type dynamin (wtDynII) and dominant-negative dynamin (DynII-K44A), which were kindly provided by Mark A. McNiven (Mayo Clinic, Rochester, MN) (42, 43) . We found that the expression of DynII-K44A alone did not significantly inhibit EHV-1 infection compared to wt-DynII. However, addition of BAPTA-AM, U73122, or thapsigargin to DynII-K44A-transfected cells (i.e., forcing the virus into endocytic entry) significantly reduced virus infection as well (see Fig. S2 in the supplemental material).
We concluded from the experiments that Ca 2ϩ inhibitors alone do not inhibit virus infection and that blocking of Ca 2ϩ release from the ER reroutes the majority of virus particles to the caveolin-endocytic pathway. In contrast, inhibitors targeting viral entry through the endocytic pathway, dynamin-II and tyrosine kinase, together with inhibiting Ca 2ϩ release, resulted in a significant reduction of virus infection. In other words, these experiments suggest that the combination of blockade of Ca 2ϩ release from the ER and inhibition of endocytosis "shuts both entry doors," the plasma membrane and the endosome. EHV-1 perturbs lipid asymmetry and exposes phosphatidylserine on the outer leaflet of the plasma membrane. When EHV-1 was allowed to bind to ED cells for 1 h at 4°C and the temperature was then shifted to 37°C for 5 min, most cells had phosphatidylserine (PS) exposed on the cell surface, as indicated by binding of fluorescent annexin V to the cell surface (Fig. 8A) . However, this exposure of PS had no effect on levels of the virus entry receptor (MHC-I) or its distribution on the cell surface (see Fig. S3 in the supplemental material). To further confirm that PS is exposed as a result of virus binding, EHV-1 binding and PS staining were done at 4°C. It was clear that EHV-1 binding was able to induce PS exposure on the cell surface (Fig. 8B ). In contrast, EHV-1gH4 did not induce PS exposure on the plasma membrane (Fig. 8A) . Blocking cytosolic Ca 2ϩ increase in EHV-1-infected cells with BAPTA-AM or thapsigargin as well as interrupting the PLC-IP 3 R pathway with U73122 blocked PS exposure following EHV-1 infection (Fig. 8C) , indicating that this process required intracellular Ca 2ϩ mobilization.
Phospholipid scramblases are calcium-dependent proteins that redistribute phospholipids (in particular PS) to the outer leaflet of the plasma membrane (44) . To investigate if scramblase is responsible for the PS exposure, EHV-1-infected cells were treated with R5421, a scramblase inhibitor, which blocks Ca 2ϩ -induced phospholipid scrambling (45) (46) (47) . EHV-1-induced PS exposure was significantly inhibited by R5421 in a dose-dependent manner (Fig. 8D, left panel) , and its potent effect was seen at a concentration of 100 M (Fig. 8D, right and left panels) . These results suggest that EHV-1-triggered Ca 2ϩ release activates a phospholipid scramblase, which exposes PS on the cell surface.
Blocking PS exposure reroutes EHV-1 to the endocytic pathway. ED cells were incubated with the scramblase inhibitor R5421 for 1 h before infection with EHV-1 RFP . We next determined virus colocalization with Cav-1 by confocal microscopy. Twelve fields were randomly selected, and approximately 100 individual viruses were counted (Fig. 9C) . As expected, only approximately 20% of EHV-1 particles colocalized with Cav-1 in the absence of the scramblase inhibitor (Fig. 9A) . In contrast, around 45% of the virus signals were colocalizing with Cav-1 (Fig. 9B ) after inhibiting PS exposure.
Interestingly, virus particles significantly colocalized with the exposed PS on the cell surface ( Fig. 9D and F) . Incubation of cells with R5421 before infection abrogated PS exposure, and we were barely able to detect any virus colocalization with PS (Fig. 9E) . As controls, PS exposure on the surface of mock-infected or staurosporine-treated ED cells is shown (see Fig. S4 in the supplemental material). These data together with the results presented above support the hypothesis that Ca 2ϩ -dependent PS exposure may enhance EHV-1 entry.
Ca 2؉ does not modulate the actin cytoskeleton during EHV-1 entry. There is evidence suggesting that remodeling of the actin cytoskeleton may have a role in regulating fusion of biological membranes (48) . During HIV entry, Env-coreceptor interaction stimulates actin filament reorganization and induces cell fusion, aiding in virus entry (49, 50) . In addition, it has been shown that the increase in intracellular Ca 2ϩ levels leads to actin polymerization (51) . Here, we investigated whether Ca 2ϩ increase during EHV-1 or EHV-4gH1 entry can affect the actin cytoskeleton. As controls, cells were also infected with EHV-4 or EHV-1gH4. Cells were infected (for either 5 or 60 min), fixed, permeabilized, and stained with Alexa Fluor 568 or 647-labeled phalloidin. We were unable to observe any significant difference in actin polymerization (see Fig. S5A in the supplemental material) or reorganization (see Fig. S5B ) at the time of dramatic increase of cytosolic Ca 2ϩ (i.e., within 2 min after addition of virus to cells). However, after 1 h of infection, we found a reduction of actin filaments after infection with any of the viruses (see Fig. S5A ). We concluded that actin was depolymerized as a consequence of virus infection at later time points but likely through a Ca 2ϩ -independent mecha- nism. As a control of actin depolymerization, cells were treated with latrunculin B for 15 min (51), which resulted in a reduction of F-actin in ED cells as expected (see Fig. S5A ).
DISCUSSION
Viruses have to overcome a number of barriers in order to be able to deliver their genomes into cells and then spread from cell to cell. Routing the entry pathway through manipulation of cell signaling cascades is one of the strategies used by HSV-1 (18) as well as EHV-1 (22) . EHV-1 can enter ED cells through a mechanism that requires gD-MHC-I receptor interaction and gH-␣ 4 ␤ 1 -integrin interaction, which ultimately results in gB-mediated fusion of the viral envelope with the plasma membrane (5, 22) . Disruption of the gH-integrin interaction redirects the virus to a caveolin/raftdependent endocytic pathway and also results in productive infection (22) . In the present study, we show that EHV-1 binding to its receptors on the plasma membrane induces release of Ca 2ϩ from intracellular stores in equine epithelial cells. Our results suggest that the release of Ca 2ϩ is initiated by the interaction between gH and ␣ 4 ␤ 1 -integrin with subsequent activation of PLC and generation of IP 3 that binds to IP 3 R and mobilizes Ca 2ϩ from ER stores. Ca 2ϩ release also activated phospholipid scramblase, which resulted in exposure of PS on the plasma membrane. Blocking of increased cytosolic Ca 2ϩ levels as well as inhibition of PS exposure redirected many EHV-1 particles to a caveolin-dependent endocytic pathway, indicating that virus fusion at the plasma membrane may be enhanced in response to Ca 2ϩ and subsequent exposure of PS (Fig. 10) .
We proposed earlier that the gH-␣ 4 ␤ 1 -integrin interaction likely activates specific signals that regulate virus entry (22) . Consistent with our hypothesis, we were able to show here that an increase in cytosolic Ca 2ϩ was triggered only in the presence of gH1 (EHV-1 and EHV-4gH1) shortly after adding the viruses to the cells. In contrast, EHV-1gH4, EHV-1gH S440A , and EHV-4 were not able to induce a significant increase in cytosolic Ca 2ϩ -we surmise as a consequence of the failure of gH4 to interact with integrins. Similarly, blocking the interaction of gH1 and integrins, by means of either using ␣ 4 ␤ 1 -integrin blocking antibodies or soluble ␣ 4 ␤ 1 -integrins, also inhibited the increase in cytosolic Ca 2ϩ . It is worth mentioning that only ␣ 4 ␤ 1 -integrin blocking antibodies, but not other integrin antibodies, such as anti-␣ 4 ␤ 7 or anti-␣ V ␤ 5 , could affect the entry pathway of EHV-1 (22) . Furthermore, heat-inactivated viruses that still can bind to the cells were also able to induce Ca 2ϩ release. Our results suggest that virus binding to cell surface integrins is sufficient to trigger cytosolic Ca 2ϩ increase. Our results are consistent with a previous study, which showed that activation of a 92.5-kDa cellular receptor by the HCMV gH-gL complex can activate signaling cascades responsible for elevation of cytosolic Ca 2ϩ concentrations (52) . In the case of HSV-1, it was postulated that the complete set of the essential glycoproteins utilized for virus entry (gB, gD, and gH-gL) is required to trigger calcium release (37) . Furthermore, it has been shown that binding of HSV-1-and HSV-2-gH to surface ␣ v -integrins triggers the release of IP 3 R-dependent intracellular Ca 2ϩ stores (53, 54) . These results together with our observation may point to a common pathway for herpesvirus entry that is initiated by interactions of gH with integrins that ultimately signal intracellularly to ensure efficient nucleocapsid translocation into the cytoplasm.
Similar to other viruses (e.g., HIV-1 [55] , hepatitis C virus [56] , rotavirus [57] , coxsackievirus [CVB] [58] , and HSV [37] ), EHV-1 mediates, upon receptor binding, an increase in cytosolic Ca 2ϩ by the activation of the PLC-IP 3 R-signaling pathway. Pretreatment of the cells with either U73122 or (-)-xestospongin C, two potent and specific inhibitors of PLC and IP 3 R, respectively (59-61), inhibited the flux of Ca 2ϩ into the cytosol. However, we could not test the effect of small interfering RNA (siRNA) to specifically knock down PLC or IP 3 R due to the very low transfection efficiency that can be achieved in primary ED cells. We propose that after virion attachment to cells through gC (62) , engagement of the receptor and irreversible binding through gD (5, 63) , as well as interaction of gH with ␣ 4 ␤ 1 -integrins (22) , a signal cascade is induced involving PLC activation, which then triggers IP 3 -mediated Ca 2ϩ release from the ER.
To assess the role of cytosolic Ca 2ϩ in deciding the entry pathway of EHV-1, cells were pretreated with a number of inhibitors that can block Ca 2ϩ release from ER or influx through different mechanisms. The data show that these inhibitors alone did not affect the rate of virus infection. Furthermore, interrupting the endocytic pathway with either dynasore, DynII-K44A, or genistein alone had no effect on EHV-1 infection rates. However, double inhibition with dynasore or genistein or simultaneous treatment of DynII-K44A-transfected cells with one of the calcium inhibitors significantly reduced virus infection. In addition, we could detect significant colocalization of virus particles with Cav-1, but not clathrin, only after blocking cytosolic Ca 2ϩ increase.
We surmised that the activation of Ca 2ϩ -signaling pathways may trigger membrane fusion of EHV-1 to proceed, but the question remained as to how that can be achieved. Based on the im- portance of lipid mixing in virus-cell fusion events (64) and the fact that Ca 2ϩ is known to change the lipid arrangement in membranes, we examined the level of PS exposure on the outer leaflet in response to the dramatic cytosolic Ca 2ϩ increase after virus binding. Anionic lipids such as bis(monoacylglycero)phosphate and PS are mainly located in the inner leaflet of the plasma membrane (65) . Rapid collapse of lipid asymmetry is mediated by ATPindependent and Ca 2ϩ -dependent phospholipid scramblases, which cause lipid scrambling between the inner and outer leaflet, ultimately leading to the exposure of PS on the plasma membrane (66) . PS has been shown to enhance virus fusion with endosomal membranes, where the virus encounters anionic lipids for the first time during entry (67, 68) . In addition, the E1 protein of rubella virus specifies a unique metal-binding site, which is reminiscent of the metal-ion-dependent ligand-binding site of the T-cell immunoglobulin and mucin (TIM) family proteins that specifically bind PS on membranes (69) . It was shown that Ca 2ϩ is strictly required for E1-membrane fusion and virus infection (70) . Consistent with these effects observed in other enveloped viruses, we show here that, upon binding, EHV-1 induces PS exposure on the cell surface through a Ca 2ϩ -and scramblase-dependent mechanism. Treatment of cells with an inhibitor of Ca 2ϩ release from the ER or a scramblase inhibitor blocked PS exposure induced by EHV-1. Of note, EHV-1 entry receptor (MHC-I) levels or distribution was not affected by the increased exposure of PS, indicating that PS may play a role in influencing virus entry by facilitating lipid mixing. Additionally, we found that most of the virus particles colocalized with PS; however, it is not clear how any of the viral glycoproteins (particularly, the fusogenic protein gB) interact with PS (69, 71) . Apart from direct interaction of PS with viral glycoproteins, the elevated level of PS on the plasma membrane may influence virus entry through differential packing of lipids, modifying membrane fluidity, or promoting local changes in the bilayer phase (64) . However, the exact mechanism will require detailed biophysical studies. Besides PS exposure on the cell surface, Ca 2ϩ may contribute to maintaining sufficient levels of ATP and other metabolites that protect cells from damage or could allow high-affinity binding of glycoproteins to cell surface receptors (72, 73) . We currently exclude that reorganization of the actin cytoskeleton through intracellular signaling facilitates virus internalization (49, 50), as we were unable to find actin rearrangements after EHV-1 binding and infection.
In our previous work, we proposed a model based on the finding that fusion of the viral envelope with the plasma membrane can only occur if a strong interaction between EHV-1 gH and ␣ 4 ␤ 1 -integrins was established. Once this interaction is disrupted, fusion with the plasma membrane cannot occur any longer, and the virus is redirected to the endocytic pathway in order to establish an infection. Here, we further show that gH-integrin interaction resulted in a dramatic increase in cytosolic Ca 2ϩ , which resulted in PS scrambling. We hypothesize that this virus-induced change in lipid composition apparently facilitates virus entry (Fig. 10) .
The fact that EHV-4 harboring gH1, in contrast to EHV-4, was able to induce Ca 2ϩ signaling supports our hypothesis that gH-␣ 4 ␤ 1 -integrin interaction is essential for Ca 2ϩ release. Further studies will be needed to address the role of Ca 2ϩ during the entry of EHV-4gH1. We consider our findings important for understanding herpesvirus (particularly EHV-1) entry, and our results may allow the design of effective therapeutics that can be implemented for prevention of infection and disease. (75), the EHV-1 mutant harboring gH4 (EHV-1gH4), EHV-4gH1, and EHV-1gH S440A (39) , as well as EHV-1 with monomeric red fluorescent protein (mRFP)-labeled nucleocapsids (EHV-1 RFP ) (22) were grown on ED cells supplemented with Ca 2ϩ -free minimal essential medium (MEM). Heat-inactivated (HI) virus was prepared by heating the virus to 56°C for 1 h, as described before (37, 40) . All infected cultures were freeze-thawed twice and centrifuged to remove cellular debris, and their titer was determined by plaque assay on ED cells as described before (63) . All recombinant viruses express the enhanced green fluorescent protein (eGFP) marker for rapid detection of infected cells.
MATERIALS AND METHODS
Cells and viruses. Equine dermal (ED) cells (Friedrich-Loeffler
Inhibitors. Genistein (100 g/ml), dynasore (80 M), and 2-APB (100 M) were purchased from Sigma and diluted in dimethyl sulfoxide (DMSO) to the given concentrations (Table 1) N-[(N-butylthio-N-methylamino) -carbonyloxy]-methyl ester (100 M), was obtained from Endotherm and dissolved in DMSO (45) . The final concentration of DMSO added to the cells was equal to or less than 0.01% of the total volume of the medium in all cases. Toxicity assays were performed to ensure that inhibitors did not have toxic effect when used with the cells (Fig. 7D) .
Cytosolic Ca 2؉ imaging. Cells were grown on glass bottom 35-mmdiameter MatTek dishes (MatTek Corporation), loaded with 1 M Fura-2AM (Enzo Life Sciences) prepared in Ca 2ϩ -free MEM for 30 min at 37°C, and rinsed 3 times with Ca 2ϩ -and Mg 2ϩ -free phosphate-buffered saline (PBS). The cells were either exposed directly to the viruses (parental, HI, or mutant virus at a multiplicity of infection [MOI] of 1), incubated with Ca 2ϩ -free medium, which was obtained from the supernatant of noninfected cultures after freezing and thawing and used as a negative control, or pretreated with the drugs for 30 to 60 min before being exposed to the viruses. For blocking of integrins, cells were incubated with 20 g/ml of MAb P4C2, an ␣ 4 ␤ 1 -integrin antagonist (Abcam), for 60 min at 37°C. In some experiments, the viruses were pretreated with soluble ␣ 4 ␤ 1 -integrin (15 g/ml; R&D Systems) (22) for 60 min at 37°C before addition to cells. Images were captured with an inverted fully motorized epifluorescence microscope (Olympus X-81) equipped with a highly sensitive cooled charge-coupled device (CCD) RT slider camera (Diagnostic Instruments). Cells were visualized with a 60ϫ/1.35 oil objective (Zeiss), and images were acquired using MetaView imaging acquisition and analysis software (Molecular Devices). Fura-2AM-loaded cells were excited at 340 and 380 nm, and images were captured every 5 s for 10 min in three independent experiments. Fluorescence intensities for excited cells (10 to 12 individual cells) were calculated using MetaView, and replicates were averaged and plotted as a function of time. Images were colored with the MetaView imaging software in order to better visualize cytosolic Ca 2ϩ increase. Yellow indicates low cytosolic Ca 2ϩ , while red indicates high cytosolic Ca 2ϩ .
Effect of inhibitors on the virus entry pathway. ED cells were pretreated with different inhibitors for 30 to 60 min, depending on the drug, at 37°C before infection with the viruses (MOI of 5) in the presence of the drugs. After 8 to 12 h, cells were trypsinized and washed twice with PBS. After centrifugation, cells were suspended in PBS, and 10,000 cells were analyzed with a FACSCalibur flow cytometer (BD Biosciences) to determine the percentage of infected cells by fluorescence emission. For the PLC inhibitor U73122, cells were treated with the inhibitor for 30 min.
Before infection, the inhibitor was removed, and the cells were washed with PBS to avoid any toxic effect on the cells.
ED cells were transfected with wt-DynII or DynII-K44A plasmids using Nucleofector (Lonza) (76) , and the efficiency of transfection was determined by Western blot analysis. Transfected cells were then infected with EHV-1 in the presence or absence of different inhibitors for 12 h before the samples were collected for plaque assay (77) .
Binding assay. ED cells were incubated with either EHV-1 or EHV-1-HI viruses for 2 h at 4°C. Cells were then washed with ice-cold PBS, incubated with EHV-1 anti-gB MAb at 4°C for 1 h, stained with Alexa Fluor 488-labeled goat anti-mouse IgG at 4°C, and analyzed by flow cytometry (63) . As a control, cells were also stained with the primary and secondary antibodies without prior virus binding. In another experiment, ED cells were infected with either EHV-1 or EHV-1-HI viruses for 24 h at 37°C. The percentage of infected cells was detected by flow cytometry.
Internalization assay using confocal microscopy. ED cells were seeded into 35-mm gridded MatTek dishes. EHV-1 RFP (20 PFU/cell) was allowed to attach to the cells for 2 h at 4°C. After removal of unabsorbed viruses by thorough washing (three consecutive washes), prewarmed medium was added, and the cells were shifted to 37°C for 5 min. In another experiment, cells were first incubated with BAPTA-AM (50 M), thapsigargin (10 M), or R5421 (100 M) for 1 h before infection with EHV- 1 RFP . Cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% saponin. Caveolin-1 or clathrin was detected with polyclonal antibodies directed against Cav-1 or the clathrin heavy chain, respectively (Abcam). The specificity of the anti-Cav-1 and anti-clathrin-heavy-chain antibodies in ED cells had been examined by Western blotting and indirect immunofluorescence assays (22) . For fluorescence microscopy, cells were inspected with an Olympus Fluoview FV-1000MPE confocal laser scanning microscope using a 60ϫ/1.35 oil immersion objective.
PS exposure on cell surface. ED cells were trypsinized, washed with Ca 2ϩ -and Mg 2ϩ -free PBS, and resuspended in Ca 2ϩ -free MEM. EHV-1 or EHV-1gH4 (MOI of 1) was allowed to attach to the cells for 1 h at 4°C. Mock-infected cells were used as a control. After removal of unbound viruses, ice-cold or prewarmed medium was added, and the cells were further incubated on ice or shifted to 37°C for 5 min, respectively. In another experiment, cells were first incubated with BAPTA-AM (50 M), thapsigargin (10 M), U73122 (10 M), or R5421 (1 to 100 M) for 1 h before infection with EHV-1. Cells were then stained with fluorescein isothiocyanate (FITC)-labeled annexin V (BD Biosciences) at 4 or 37°C according to the manufacturer's instructions. Following washing with annexin V-binding buffer and PBS, cells were resuspended in PBS supplemented with propidium iodide (PI [Molecular Probes]) at a final concentration of 10 g/ml, and 10,000 PI-negative cells were analyzed to determine the percentage of PS expression using flow cytometry. Flow cytometry data were analyzed using FlowJo software (Treestar).
For confocal microscopy, ED cells were seeded on glass coverslips placed in 24-well plates. EHV-1 RFP (20 PFU/cell) was allowed to attach to the cells for 1 h at 4°C in the presence or absence of R5421 (100 M). Unbound viruses were removed by washing, prewarmed medium was added, and the cells were shifted to 37°C for 5 min. Mock-infected or staurosporine-treated (1 M [Sigma]) cells were used as controls. Cells were fixed with 4% paraformaldehyde and stained with FITC-labeled annexin V. Coverslips were mounted onto glass slides using Vectashieldwith 4=,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories), and cells were inspected with an Olympus Fluoview FV-1000MPE confocal laser scanning microscope using a 60ϫ/1.35 oil immersion objective.
MHC-I expression on cell surface. ED cells were grown on glass coverslips in a 24-well plate and either infected with viruses (MOI of 1), as indicated in Fig. S3 , or supplemented with 20 mM CaCl 2 . After 1-h incubation at 4°C, prewarmed medium was added and the cells were shifted to 37°C for 5 min. To evaluate the level of MHC-I expression, cells were trypsinized and incubated with the anti-equine MHC-I monoclonal antibody (MAb) CZ3 (27) for 1 h at room temperature. After two washes with PBS, cells were incubated with Alexa Fluor 488-labeled goat anti-mouse IgG (Invitrogen [1:500 dilution]), and 10,000 cells were analyzed with a FACSCalibur flow cytometer. The intensity of fluorescence was analyzed using FlowJo software.
To evaluate MHC-I distribution on cell surface, infected or calciumsupplemented cells were fixed with 4% paraformaldehyde and blocked with 2% bovine serum albumin (BSA [Applichem]). Surface MHC-I was stained with anti-MHC-I CZ3 MAb and finally with Alexa Fluor 488-labeled goat anti-mouse IgG. After being washed three times, coverslips were mounted onto glass slides using Vectashield-with DAPI. The cells were imaged by immunofluorescence microscopy (Zeiss Axio imager M1), and pictures were taken with an AxioCam CCD camera (Zeiss).
Labeling and quantification of actin filaments. ED cells were grown on glass coverslips and infected with EHV-1, EHV-1gH4, EHV-4, or EHV-4gH1. Infected cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% saponin. After undergoing blocking with 2% bovine serum albumin (BSA), F-actin was labeled with phalloidin-Alexa Fluor 568 (1:40; Invitrogen) for 15 min. Virus-infected cells were stained with anti-gB antibodies and labeled with Alexa Fluor 488. After being washed three times, coverslips were mounted onto glass slides using Vectashieldwith DAPI, the cells were imaged by immunofluorescence microscopy (Zeiss Axio imager M1), and pictures were taken with an AxioCam CCD camera (Zeiss).
For quantification of F-actin (51), ED cells were either treated with latrunculin B (10 nM) for 15 min or infected with different viruses for either 5 or 60 min after incubation, and then the cells were fixed, permeabilized, and stained with phalloidin-Alexa Fluor 647 (1:1,000; Santa Cruz Biotechnology). Cells were analyzed on FACSCalibur.
Statistical analysis. Using Prism software (GraphPad), one-way analysis of variance (ANOVA) and Student's t test were used to test for significance. The data are given as means, and error bars show standard deviations. Figure S1 , EPS file, 0.1 MB. Figure S2 , EPS file, 0.2 MB. Figure S3 , TIF file, 2.6 MB. Figure S4 , TIF file, 2 MB. Figure S5 , TIF file, 2.5 MB.
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